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Involvement of Histone H1.2 in Apoptosis Induced
by DNA Double-Strand Breaks
nance of tissue homeostasis, and elimination of harmful
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specific manner depending on the apoptotic stimulus
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respectively (reviewed by Puthalakath and Strasser,factor that appears in the cytoplasm after exposure
2002). Two BH3-only proteins (Noxa and Puma) haveto X-ray irradiation. While all nuclear histone H1 forms
been reported to be involved in apoptosis due to DNAare released into the cytoplasm in a p53-dependent
damage (Oda et al., 2000a; Nakano and Vousden, 2001).manner after irradiation, only H1.2, but not other H1
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Figure 1. Purification of a Cytochrome c-Releasing Factor As Histone H1.2
(A) Presence of cytochrome c-releasing activity in X-ray-irradiated thymic cytosol. The cytosolic fraction was obtained from the thymus of a
normal rat (NT) and from the thymus of a rat 3 hr after exposure to 20 Gy of X-ray irradiation (IR). Each cytosolic fraction (150 g) was added
to rat liver mitochondria (100 g) for the indicated time. Mitochondria were also incubated alone (). In the experiments here and below, the
release of cytochrome c was assessed by Western blotting.
(B) Separation of cytochrome c-releasing activity by anion exchange column chromatography. Cytosolic fractions were obtained from thymi
dissected 6 hr after rats were irradiated with X-rays (20 Gy) and were loaded onto a Poros HQ column. After proteins were eluted and desalted,
they were incubated with isolated mitochondria (100 g), and cytochrome c release was assessed. Mitochondria were also incubated alone
(). “Total” represents the total amount of cytochrome c in the same amount of mitochondria.
(C) Time-dependent increase of cytochrome c-releasing activity. Rat thymic cytosolic fractions were recovered at the indicated times after
X-ray irradiation (20 Gy) and were loaded onto a Poros HQ column. Fractions corresponding to sections A and B in Figure 1B were desalted,
incubated with isolated mitochondria, and assessed for the release of cytochrome c.
(D) Diagram of the purification method.
(E and F) Purification of cytochrome c-releasing factor from rat thymus. Fractions corresponding to section B in Figure 1B were loaded onto
a Superdex 200 column followed by a Mini S column (E) or a Poros HS column (F). Aliquots (10 l) of the indicated fractions were subjected
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the identification of a signaling molecule involved in DNA To determine their amino acid sequences, the 34 and
36 kDa proteins were excised from a gel and subjecteddamage-induced apoptosis by searching for a cyto-
chrome c-releasing factor that appeared in the cyto- to trypsin digestion, and the resulting peptides were
separated by reverse-phase HPLC. Unexpectedly, theplasm after X-ray irradiation of the thymus. As a result,
we isolated histone 1.2, one of the linker histones. His- peptide maps of the 34 and 36 kDa proteins were quite
similar (Figure 1G), suggesting that these were the sametone H1 normally binds to the linker DNA between
nucleosomes, sealing off two turns of DNA around a protein with different modifications or else were two
proteins from the same family. The sequences of threehistone octamer, and is involved in the formation of
higher-ordered chromatin structures and in the inhibi- identical peptides and two different peptides (shown by
arrows and arrowheads, respectively, in Figure 1G) weretion of transcription (reviewed by Vignali and Workman,
1998). Eight isotypes of histone H1 have been reported determined by Edman degradation. A database search
revealed that the sequences of the three identical pep-in mice (Wang et al., 1997; Tanaka et al., 2001) and
humans (Albig and Doenecke, 1997). Among them, all tides ASGPPVSELI, SGVSLAALKK, and ALAAAGYDVE
(Figure 1G, arrows 1–3) perfectly matched those ofof the somatic H1s (H1.1–H1.5) are ubiquitously ex-
pressed in all cell types (Lennox and Cohen, 1983). The mouse histone H1.2 and H1.3. The sequence of the dif-
ferent 34 kDa peptide (indicated by the closed arrow-present study demonstrates that histone H1.2, but not
other histone H1 isotypes, possesses strong cyto- head) and that of the 36 kDa peptide (open arrowhead)
were determined to be GILVQTK and GTLVQTK, respec-chrome c-releasing activity, and that histone H1.2 is
released into the cytoplasm from the nucleus in re- tively, matching the sequences of mouse histone H1.2
and H1.3, respectively. These results suggested that thesponse to DNA double-strand breaks, but not other apo-
ptotic stimuli. 34 kDa protein with cytochrome c-releasing activity was
rat histone H1.2. To determine whether mouse histone
H1.2 also possessed cytochrome c-releasing activity,Results
histone H1 was obtained from healthy mouse thymus
(see Experimental Procedures). A fraction enriched inPurification of an X-Ray-Induced Cytochrome
c-Releasing Factor the 34 kDa protein and containing little of the 36 kDa
protein caused substantial release of cytochrome c (Fig-To identify molecule(s) acting downstream of DNA dam-
age that are responsible for inducing the release of ure 1H, lane 15). Amino acid sequence analysis indicated
that the 34 and 36 kDa proteins were mouse histoneapoptogenic cytochrome c from the mitochondria, we
set up an in vitro assay system using isolated rat liver H1.2 and H1.3, respectively. Histone H1 consists of six
forms (except for germline specific H1t and H1oo), whichmitochondria and rat thymus cytosol. The cytosol, ob-
tained from the thymus of rats subjected to whole-body can be separated into three bands by SDS-PAGE (H10
at 32 kDa; H1.2 at 34 kDa; and a mixture of H1.3, H1.4,X-ray irradiation, was capable of inducing cytochrome
c release from the mitochondria (Figure 1A). After anion and H1.5 at 36 kDa [H1.1 was not rigorously analyzed])
(Chadee et al., 1997, and our unpublished results). His-exchange chromatography, cytochrome c-releasing ac-
tivity was detected in two fractions (fraction A at 0.25 tone H1.3 was the major component of the 36 kDa pro-
tein from mouse thymus (see Figure 4D). Thus, likeM NaCl and fraction B at 0.45 M; Figure 1B). Although
the activity of both fractions was increased by irradiation rat H1.2 (34 kDa), mouse H1.2 showed cytochrome
c-releasing activity.in a time-dependent manner (Figure 1C), the activity
of fraction B was stronger than fraction A. Fraction A
contained Bax (data not shown), which is known to Release of Cytochrome c from Isolated
Mitochondria by Recombinant Histone H1.2induce cytochrome c release but is not essential for
X-ray irradiation-induced death of thymocytes, because To confirm the cytochrome c-releasing activity of his-
tone H1.2, we generated recombinant mouse histoneBax/ thymocytes and Bax/ thymocytes are equally
sensitive to X-ray irradiation (Knudson et al., 1995). We H1.2 (rH1.2) and H1.4 (Figure 2A). As shown in Figure
2B, rH1.2 possessed cytochrome c-releasing activity,therefore tried to identify a cytochrome c-releasing fac-
tor in fraction B. Following the protocol described in but rH1.4 did not. Commercially available calf thymus
histone H1 (containing H1.2, but not core histones) alsoFigure 1D, we identified a 34 kDa protein that was closely
associated with cytochrome c-releasing activity (Figure induced cytochrome c release (Figure 2C). To confirm
that histone H1.2 specifically possesses cytochrome1E). No (or very weak) activity of the 36 kDa protein was
confirmed by a different purification procedure using a c-releasing activity, histone H1 obtained from mouse
thymus nuclei was further purified using reverse-phasecation exchange column (Poros HS) instead of Superdex
200 and Mini S (Figure 1F, lane 23). HPLC (Figure 2D). Mass spectrometry of the proteins
to electrophoresis on 5%–20% gradient SDS-polyacrylamide gel, and proteins were visualized by silver staining (top). Aliquots (40 l) of the
same fractions were desalted and incubated with isolated mitochondria, and the release of cytochrome c was assessed (bottom).
(G) Peptide map of cytochrome c-releasing factor. The 34 and 36 kDa proteins (Figure 1E) were excised from a gel and subjected to trypsin
digestion. The resulting peptides were separated by HPLC, and their amino acid sequences were determined. Arrows and arrowheads indicate
identical and different peptides in the two proteins, respectively, and their amino acid sequences are shown on the right.
(H) Purification of cytochrome c-releasing factor from mouse thymus. Mouse histone H1 was purified as described in Experimental Procedures.
Aliquots (10 l) of the total acid extract (left lane) and of fractions 15 and 16 eluted from the Mini S column were subjected to 15% SDS-
PAGE, after which the gel was stained (top). Aliquots (40 l) of the same fractions were tested for the release of cytochrome c. Mitochondria
were also incubated alone ().
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Figure 2. Histone H1.2 Induces Cytochrome c Release from Isolated Mitochondria
(A–C) Induction of cytochrome c release by recombinant histone H1.2. (A) Recombinant mouse histone H1.2 (rH1.2) and rH1.4 were separated
on a 15% SDS-polyacrylamide gel and visualized by CBB staining. (B and C) rH1.2 and rH1.4 (30 g/ml) (B) or calf histone H1 and core
histones at the indicated concentrations (C) were incubated with isolated rat mitochondria, and the release of cytochrome c was assessed.
“Total” represents the total amount of cytochrome c in the same amount of mitochondria.
(D–F) Induction of cytochrome c release by histone H1.2, but not other H1 isoforms. (D) Histone H1 was isolated by acid extraction of the
nuclear fraction from mouse thymus and was separated by RP-HPLC (see Supplemental Experimental Procedures). Proteins were collected
from all fractions showing peaks (numbered 1–6) and subjected to mass spectrometry. Based on the observed molecular masses, the histone
H1 subtype of each peak was assigned as described in the table. (E) Mass spectrometric analysis of the protein in peak 6. (F) Each histone
H1 subtype was collected, as well as a low molecular weight protein in peak 1, and TFA was removed. Then, an aliquot of each sample was
heat-denatured (heat[]). Next, the samples (the same amount of protein) were incubated with isolated rat mitochondria, and the release of
cytochrome c was assessed. Numbers correspond to the peaks in (D).
(G) Cytochrome c-releasing activity of histone H1.2 is comparable to that of tBid. Isolated mitochondria (1 mg/ml) were incubated without ()
or with rH1.2 or rtBid at both 10 and 30 g/ml.
(H) Cytochrome c release induced by histone H1.2 without loss of mitochondrial . Mitochondria (1 mg/ml) were incubated with 50 g/ml
rH1.2 or mock protein, and  was measured at the indicated time on the basis of rhodamine 123 uptake. CCCP (a protonophore; 1 mM for
15 min) was used as the control to completely dissipate . Loss of  caused the release of rhodamine 123 from the mitochondria, resulting
in an increase of the rhodamine 123 intensity.
(I) Permeability transition inhibitors do not inhibit histone H1.2-induced cytochrome c release. Mitochondria (1 mg/ml) were incubated without
() or with 50 g/ml rH1.2 in the presence or absence of 1 M CsA and 0.2 mM EGTA.
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in all six fractions revealed that peaks 2, 4, 5, and 6 Cytoplasmic Increase of Histone H1.2 after
X-Ray Irradiationcorresponded to various isoforms of histone H1 (Figures
Histone H1 is not detected in the cytosol of thymocytes2D and 2E). These histone H1s were recovered (i.e., TFA
of a healthy mouse (Figure 4A) because histone H1 iswas removed) and assessed for cytochrome c-releasing
synthesized in the cytoplasm and rapidly transportedactivity. Only H1.2, but not the other isoforms, showed
to the nucleus (Matsuoka et al., 1994; Vignali and Work-strong cytochrome c-releasing activity (Figure 2F), con-
man, 1998). After X-ray irradiation, however, histonesistent with the results shown in Figure 1, although H1.5
H1.2 and other forms of histone H1 showed a time-and H1.1 showed some weak activity. These results
dependent and X-ray dose-dependent increase in theindicated that histone H1.2 itself was able to release
cytosol (Figure 4A). Consistent with the above, immuno-cytochrome c. Under our experimental conditions, the
staining for histone H1 in healthy mouse embryonic fi-cytochrome c-releasing activity of histone H1.2 was
broblasts (MEFs) revealed that this histone was onlycomparable to that of a known cytochrome c-releasing
located in the nucleus, whereas it was also observedfactor, truncated Bid (Figure 2G).
in the cytoplasm of X-ray-irradiated MEFs (Figure 4B),Next, we examined whether histone H1.2-induced cy-
indicating that an increase in the cytoplasmic fractiontochrome c release was accompanied by the mitochon-
occurred after X-ray irradiation.drial permeability transition (PT), which is characterized
Next, we examined whether cytoplasmic histone H1by loss of  (the potential across the inner membrane;
was different from nuclear histone H1 in mouse thymus.
reviewed by Zoratti and Szabo, 1995). As shown in Fig-
The thymus cytosol of mice with and without X-ray irradi-
ure 2H, histone H1.2 did not induce  loss (assessed
ation and the nuclear fraction of nonirradiated thymus
using rhodamine 123), whereas the ionophore CCCP were subjected to acid extraction to purify histone H1.
caused complete dissipation of . Furthermore, his- By reverse-phase HPLC, histone H1 was detected in
tone H1.2-induced cytochrome c release was not inhib- the nuclear fraction of nonirradiated thymus and in the
ited by two PT inhibitors, cyclosporin A and EGTA (Fig- cytosolic fraction of X-ray-irradiated thymus, but not in
ure 2I). These results indicated that histone H1.2- the cytosolic fraction from nonirradiated thymus (Figure
induced cytochrome c release was a PT-independent 4C), consistent with the results shown in Figure 4A.
process. Cytosolic histone H1 reached 5%–10% of total histone
content 3 hr after irradiation. Differences in HPLC pro-
files in Figure 4C and 2D were due to the different column
Involvement of Bak in Histone H1.2-Induced size and gradient used. The H1 fractions were analyzed
Cytochrome c Release by mass spectroscopy (Figure 4D). The nuclear fraction
It was recently reported that cells from bax/bak double of nonirradiated thymus contained five native histones
knockout mice are resistant to various apoptotic stimuli, (H1.1–H1.5), the observed mass of which was almost
including genotoxic stress, suggesting that Bax and Bak equal to the calculated mass (see Figure 2D, table).
may act as a gateway for various apoptotic signals (Lind- The cytosolic fraction from X-ray-irradiated thymus also
sten et al., 2000, Wei et al., 2001). It has also been contained the same H1 molecules as those seen in the
suggested that Bax and Bak exist as inactive forms in nonirradiated nucleus. Note that a small fraction of his-
tone H1 molecules are phosphorylated at multiple sites,cells, with apoptotic stimulation causing their activation
which causes the molecular mass to increase by multi-through a conformational change and oligomerization
ples of 80 as seen in multiple small peaks to the right(Desagher et al., 1999; Griffiths et al., 1999; Wei et al.,
of the major peaks (Figure 4D). Histone H1 did not show2000). We examined the effect of histone H1.2 on Bak
any X-ray irradiation-specific modifications (Figure 4D),in digitonin-permeabilized cells using a conformation-
a finding in agreement with the result that histone H1.2specific monoclonal antibody that only binds activated
from the nonirradiated nucleus showed cytochromeBak. Immunofluorescence microscopy demonstrated
c-releasing activity (Figure 1H).that rH1.2 caused the activation of Bak in a concentra-
tion-dependent manner, like rBid, while rBcl-xL mark-
Role of p53 in the Cytoplasmic Increaseedly inhibited Bak activation (Figure 3A). We observed
of Histone H1concentration-dependent oligomerization of Bak in
p53 is essential for DNA damage-induced apoptosis inrH1.2-treated mitochondria, as with rBid (Figure 3B).
many types of cells, and thymocytes from p53/ miceFurthermore, when mitochondria were isolated from the
are resistant to X-ray irradiation-induced apoptosis
livers of Bak-deficient mice with undetectable levels of
(Lowe et al., 1993a; Clarke et al., 1993). Therefore, we
Bax (data not shown), histone H1.2 did not induce cyto- examined the relationship between p53 and histone
chrome c release at a concentration below 50 g/ml H1.2. When p53/, /, and / mice were irradiated,
(Figure 3C). However, a higher concentration of histone cytochrome c release and caspase activation were seen
H1.2 induced cytochrome c release in a Bak-indepen- in the thymus of p53/ and / mice, but not in that of
dent manner (Figure 3C) without Bak oligomerization p53/ mice (Figures 4E and 4F), as observed previously
(data not shown), which might have been a nonspecific (Westphal et al., 1997). As shown in Figure 4E, histone
action of this histone. Consistent with the results shown H1.2 and other subtypes of histone H1 were increased
in Figure 3A, rBcl-xL inhibited histone H1.2-induced cy- in the cytosolic fraction from the thymus of p53/ and
tochrome c release in rat liver mitochondria (Figure 3D). / mice, whereas this increase was not observed in
Taken together, these findings demonstrate that histone the thymus of p53/ mice (Figure 4E). These results
H1.2 can induce cytochrome c release in a Bak-depen- indicated that p53 is necessary for a cytoplasmic in-
crease of various forms of histone H1, including H1.2.dent manner.
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Figure 3. Bak-Dependence of Histone H1.2-Induced Cytochrome c Release
(A) Activation of Bak by rH1.2. HeLa cells were permeabilized with digitonin, and buffer or the indicated proteins were added for 10 min. The
cells were then fixed with paraformaldehyde and stained with an antibody specific for active Bak (shown in red).
(B) Oligomerization of Bak by rH1.2. Isolated mitochondria (100 g) were incubated with the indicated amount of rH1.2 and rtBid for 30 min,
after which 10 mM BMH was added for 30 min. The mitochondria were then centrifuged and dissolved in 2 sample buffer with 1 mM DTT,
followed by Western blot analysis using an anti-Bak antibody. Monomeric and oligomeric Bak are shown by open and closed arrowheads, re-
spectively.
(C) Requirement of Bak for H1.2-induced cytochrome c release. Mitochondria were isolated from the livers of Bak-deficient mice (/) and
control littermates (/) and were incubated with rH1.2 at the indicated concentrations. “Total” represents the total amount of cytochrome c
in the same amount of mitochondria.
(D) Inhibition of histone H1.2-induced cytochrome c release by rBcl-xL. Rat liver mitochondria were incubated with rBcl-xL (30 g/ml) or mock
protein. After 5 min, 20 M CaCl2 or calf thymus histone H1 was added at the indicated concentrations and incubated for 25 min before
cytochrome c release was tested.
Cytoplasmic Increase of Histone H1 Occurs Release of Histone H1.2 from the Nucleus during
X-Ray-Induced ApoptosisUpstream of Apaf-1
To investigate whether the cytoplasmic increase of his- The cytoplasmic increase of histone H1.2 during X-ray-
induced apoptosis can be explained in two ways: eithertone H1 occurred upstream or downstream of caspase-9/
caspase-3 activation, Apaf-1-deficient MEFs, which lack H1.2 is released from the nucleus, or H1.2 production
is increased and/or nuclear import is disturbed. To dis-activation of both caspases, were examined (Cecconi
et al., 1998; Yoshida et al., 1998; also see Supplemental tinguish between these possibilities, we inhibited the
nuclear export of proteins possessing the nuclear exportFigure S1A online at http://www.cell.com/cgi/content/
full/114/6/673/DC1). Since MEFs are known to be resis- signal with leptomycin B (Fukuda et al., 1997). As shown
in Figure 5A, leptomycin B caused concentration-tant to DNA damage-induced apoptosis, the cells were
transformed with E1A/Ras oncogenes to increase their dependent inhibition of the X-ray-induced cytoplasmic
increase of H1 in MCF7 cells (a human breast carcinomaapoptotic sensitivity (Lowe et al., 1993b). Both X-ray
irradiated Apaf-1/ and / MEFs showed a cytosolic cell line possessing a functional p53 gene), indicating
that H1 was released from the nucleus during X-ray-increase of histone H1 as well as associated cytochrome
c release as assessed by the biochemical and immuno- induced apoptosis. Expectedly, leptomycin B signifi-
cantly inhibited X-ray-induced apoptosis in MCF7 cellsstaining methods (Supplemental Figures S1B–S1D). All
these results indicated that the cytoplasmic increase of (Figure 5B). Consistent with this concept, when Cy3-
labeled recombinant H1.2 was microinjected into thehistone H1 occurred upstream of caspase-9/caspase-3
activation. cytoplasm of MCF7 cells, almost all of the H1.2 was
Involvement of Histone H1.2 in Apoptosis
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Figure 4. Cytoplasmic Accumulation of Histone H1.2 after X-Ray Irradiation and Its p53 Dependence
(A and B) X-ray-induced accumulation of histone H1.2 in the cytoplasm. (A) Thymocytes from healthy mouse were exposed to X-rays (3 and
20 Gy). At the indicated time, the extent of apoptosis was measured by annexin-V staining, and the cytoplasmic fractions were recovered.
Then, samples (10 g) were subjected to Western blot analysis for detection of histone H1. (B) E1A/ras-transformed MEFs were exposed to
X-ray irradiation (20 Gy). After 24 hr, the cells were fixed and immunostained with an anti-histone H1 monoclonal antibody.
(C and D) HPLC and ESI-MS analysis of histone H1. Cytosolic and nuclear fractions were obtained from normal mouse thymus (NT) and from
the thymus of a mouse 3 hr after X-ray irradiation (20 Gy) (IR). Histone H1 was purified from these fractions by acid extraction and was
separated by RP-HPLC (C). The fractions indicated by H1 were collected and analyzed by ESI-MS (D). The highest peak was adjusted at
100%. The observed mass of each H1 subtype was almost equal to the calculated mass (see Figure 2D, table).
(E and F) p53-dependent increase of cytoplasmic histone H1.2 after X-ray irradiation. p53/, /, and / mice were exposed to 20 Gy of
irradiation (IR []). After 6 hr, the thymi were excised, and cytosolic fractions were collected. Cytosolic fractions were also obtained from
nonirradiated mice. Aliquots (30 g) were subjected to Western blot analysis for detection of histone H1 and cytochrome c (E). Thymi were
also lysed in isotonic buffer, and DEVDase activity was measured as described in Experimental Procedures (F).
Cell
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Figure 5. Release of Histone H1.2 from the
Nucleus into the Cytoplasm by X-Ray Irradi-
ation
(A and B) Inhibition of the X-ray-induced in-
crease of cytosolic histone H1 and apoptosis
by leptomycin B. (A) The indicated concentra-
tions of leptomycin B were added to MCF7
cells 30 min before X-ray irradiation (30 Gy).
After 24 hr, the cytoplasmic fractions were
recovered and subjected to Western blot
analysis for detection of histone H1. Samples
were also subjected to Western blot analysis
for detection of hnRNP and GAPDH as indica-
tors of the nuclear and cytosolic fractions,
respectively. (B) MCF7 cells were transiently
transfected with caspase-3 cDNA (0.25 g)
for 24 hr together with DNA for GFP (0.05 g).
Then, the cells were exposed to 20 Gy of
irradiation (IR) or were not irradiated (NT) in
the absence () or presence () of 0.2 ng/
ml leptomycin B. At the indicated times after
irradiation, the cells were stained with propid-
ium iodide to detect apoptosis among GFP-
positive cells.
(C) Release of injected histone H1.2 after
X-ray irradiation. Cy3-labeled histone H1.2 (8
mg/ml) was microinjected into the cytoplasm
of MCF7 cells together with Alexa-488-
labeled mouse IgG (see Supplemental Exper-
imental Procedures). Then, the cells were
exposed to irradiation (30 Gy), and the local-
ization of histone H1.2 and IgG was assessed
at the indicated time by fluorescence micros-
copy. Most of the histone H1.2 entered the
nucleus rapidly after microinjection (0 hr),
while a significant amount of microinjected
histone H1.2 was also found in the cytoplasm
after irradiation.
(D) No increase of histone H1 after X-ray irra-
diation. Histone H1 was isolated by acid ex-
traction from the thymus of a healthy mouse
(NT) and from the thymus of a mouse 3 hr
after irradiation with 20 Gy (IR), and was ana-
lyzed by RP-HPLC.
rapidly transferred to the nucleus, and X-ray irradiation in X-ray irradiation-induced apoptosis, the level of this
histone was reduced in MCF7 cells by the expressioncaused its partial release into the cytoplasm (Figure 5C).
These results indicated that the X-ray-induced cyto- of H1.2 antisense RNA. Mouse histone H1.2 is analogous
to human histone H1.2. By stably transfecting MCF7plasmic increase of histone H1 was due to its release
from the nucleus and was not related to new synthesis cells with plasmid DNA expressing H1.2 antisense RNA,
we isolated two clones (AS#1 and AS#2) with almostin the cytoplasm. It was also suggested that the nuclear
import of histone H1 was impaired by X-ray irradiation. complete absence of histone H1.2, but not the other H1
subtypes (Figure 6A). The growth rate of AS#1 and AS#2Many genes, including noxa (Oda et al., 2000a), puma
(Yu et al., 2001; Nakano and Vousden, 2001), and bax cells was similar to that of the parent cells and of several
vector-transfected clones (vec#1, vec#2, and vec#3;(Miyashita and Reed, 1995), are known to be upregulated
during X-ray-induced apoptosis. As shown in Figure 5D, data not shown). When these cells were irradiated and
cytosolic fractions (free of mitochondria) were analyzed,however, the total histone H1 content remained un-
changed in mouse thymus after X-ray irradiation. apoptotic release of cytochrome c was observed in vec-
tor DNA-transfected, but not in antisense DNA-trans-
fected, cells (Figure 6B). Immunostaining also revealedInhibition of X-Ray-Induced Apoptosis
by Reducing H1.2 Expression that cytochrome c was released from the mitochondria
in half of the irradiated vec#1 and vec#2 cells after 24As described above, histone H1.2 showed cytochrome
c-releasing activity in a mitochondrial system, and the hr, whereas it was still located in the mitochondria of
the majority of AS#1 and AS#2 cells (Figure 6C and dataH1.2 level was increased in the cytoplasm by X-ray irra-
diation. Thus, H1.2 seemed to play an important role in not shown), indicating that histone H1.2 was required
for the X-ray-induced release of cytochrome c.the transduction of genotoxic stress signals from the
nucleus to the mitochondria. To examine the role of H1.2 Since histone H1.2 expression could influence the
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Figure 6. Inhibition of X-Ray-Induced Apoptosis by Reducing Histone H1.2 Expression
(A) Reduction of histone H1.2 by antisense RNA. MCF7 cells were stably transfected with the plasmid for histone H1.2 antisense RNA (AS)
or with the empty vector (vec). Cell lysates were subjected to Western blot analysis using anti-histone H1 antibody.
(B and C) Prevention of X-ray-induced cytochrome c release by reduction of histone H1.2. The indicated MCF7 variants were exposed to
irradiation (30 Gy) (IR) or were not treated (NT). (B) After 24 hr, cytosolic fractions were collected and aliquots of the fractions were subjected
to Western blot analysis for detection of cytochrome c and of GAPDH as a loading control. (C) At 24 hr after irradiation, cells were fixed and
immunostained with anti-cytochrome c antibody. Representative cells showing cytochrome c release are indicated by arrowheads.
(D) Unchanged expression of p21, Bax, Perp, and Puma after reduction of histone H1.2. MCF7 variants were exposed to irradiation (30 Gy)
(IR) or were not treated (NT). After 24 hr, cells were lysed in RIPA buffer, followed by Western blot analysis for p21, Bax, Perp, and Puma.
(E–G) Inhibition of X-ray-induced apoptosis by reduction of histone H1.2. (E and F) MCF7 variants were transiently transfected with caspase-
3 DNA plus GFP DNA for 48 hr. Then, the cells were exposed to irradiation (20 Gy) (IR) or were not treated (NT). After 24 hr, the cells were
stained with Hoechst 33342 (Ho342), and apoptotic cells were detected by examining the nuclear morphology. Representative photographs
are shown in (E). Viability at the indicated times after X-ray irradiation was calculated as the number of apoptotic cells relative to GFP-positive
cells (F). Data are expressed as the mean  SD for four independent experiments. (G) The same experiment as shown in (F) was performed
using the indicated doses of irradiation. Cell death was assessed at 24 hr.
(H) Increased cell proliferation after X-ray irradiation due to reduction of histone H1.2. MCF7 variants were exposed to irradiation (20 Gy).
After 2 days, the cells were collected, and 1000 cells were reseeded onto 6-well dishes. At the indicated times after irradiation, cells were
stained with 10 M calcein-AM, an indicator of viability, and observed under a fluorescence microscope.
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transcription of certain genes (Vignali and Workman, in both AS#2 and vec#2 cells (Figure 7D), and a cytosolic
increase of histone H1 was not observed in p53-trans-1998), and since X-ray-induced apoptosis is at least
partly controlled by a p53-dependent increase of pro- fected vec#2 cells (Figure 7E). These results indicated
that histone H1.2 was not involved in p53-induced apo-apoptotic molecules (such as Bax, Perp, Noxa, p53AIP1,
and Puma), the difference in apoptotic cytochrome c ptosis. The involvement of H1.2 in apoptosis induced
by DNA double-strand breaks, but not other stimuli, wasrelease between vec#1, vec#2 and AS#1, AS#2 cells
might be due to a difference of p53-dependent tran- confirmed by silencing H1.2 using siRNA (Figures 7F–7H
and Supplemental Figure S4).scription. Therefore, we examined the expression of
some p53-regulated molecules and found that the ex-
pression of p21, Bax, Perp, and Puma did not differ Histone H1.2-Deficient Mice Show Cellular
between vec and AS cells (Figure 6D). Resistance to X-Ray-Induced Apoptosis
The requirement for histone H1.2 for X-ray-induced Finally, we examined mice lacking histone H1.2. These
apoptosis was also assessed from the aspect of cell mice do not show any phenotypic abnormalities (Fan et
viability. Since MCF7 cells did not show typical apo- al., 2001). Thymocytes isolated from H1.2 knockout (KO)
ptotic features due to the lack of caspase-3, MCF7 deriv- and wild-type (wt) mice (Figure 8A) showed no differ-
atives were transiently transfected with caspase-3 DNA ences of their CD4/8 profile (data not shown). When the
and GFP DNA (to identify transfected cells) and then thymocytes were X-ray irradiated, H1.2-KO thymocytes
irradiated. Apoptosis was estimated from the nuclear showed superior viability to wt thymocytes over a wide
morphology after staining with Hoechst 33342. The cas- range of radiation doses (Figures 8B and 8C). Consistent
pase-3-transfected vec#1 and #2 cells became apo- with the results obtained using antisense RNA and
ptotic with nuclear and cellular shrinkage only after irra- siRNA (Figures 7C, 7G, and 7H), etoposide-induced apo-
diation in a time- and dose-dependent manner (Figures ptosis, but not staurosporine-induced apoptosis, was
6E–6G). In contrast, a smaller number of caspase- less prominent in H1.2 KO thymocytes than in wt thymo-
3-transfected AS#1 and AS#2 cells died after irradiation cytes (Figures 8D and 8E). The reason that eliminating
(Figures 6E–6G). A similar result was obtained when H1.2 has only a partial effect on X-ray-induced apoptosis
apoptosis was assessed by annexin-V staining of GFP- might have been due to activation of the Bax pathway,
positive cells (data not shown). To confirm the superior which is nonessential in the presence of histone H1.2
viability of AS cells after X-ray irradiation, AS#2 and (Figure 1C). Alternatively, it could be that other H1 sub-
vec#2 cells were irradiated without DNA transfection, types can partially substitute for H1.2 in this role in H1.2
harvested, and cultured for 2 days. As can be seen in KO mice. We also examined the involvement of histone
Figure 6H, AS#2 cells had much greater proliferative H1.2 in X-ray-induced apoptosis of small bowel cells, a
activity than vec#2 cells, indicating that AS cells actually site where the contribution of the Bax has been reported
survived despite X-ray irradiation. We also found that to be very limited (Pritchard et al., 1999). When wt mice
transfection of AS#1 cells with H1.2 DNA, but not H1.3, were exposed to X-ray irradiation (10 Gy) and sacrificed
H1.4, or H1.5 DNA, restored their sensitivity to irradiation after 2 days, the small intestine was severely damaged,
(Supplemental Figure S2). Consistent with these results, with denudation of the crypt and villus system (Figure
X-ray-induced apoptosis was reduced when H1 was 8F), as well as positive TUNEL-staining of a large number
inhibited by microinjection of anti-histone H1 antibodies of epithelial cells and enterocytes (Figure 8F). In con-
(Supplemental Figure S3). All these results indicated that trast, the small bowel looked normal after X-ray irradia-
histone H1.2 plays an important role in X-ray-induced tion of H1.2 KO mice, and only a few TUNEL-positive
apoptosis. cells were observed in the columnar epithelium (Fig-
ure 8f), indicating that X-ray-induced apoptosis was
strongly inhibited by H1.2 deficiency. Consistently, apo-Specific Role of Histone H1.2 in Apoptosis
ptosis-associated cleavage of lamin B1 and ICAD, asInduced by DNA Double-Strand Breaks
well as activation of caspase-3, were observed in theNext, we examined the role of histone H1.2 in other
small intestine of WT mice, but not in H1.2 KO miceforms of apoptosis using the vec and AS clones of MCF7
(Figure 8G), confirming the essential role of H1.2 incells. When these cells were exposed to UV (254 nm)
X-ray-induced apoptosis.irradiation, both vec (#1, #2, and #3) and AS (#1 and #2)
cells exhibited similar levels of release of cytochrome
c as well as the induction of apoptosis (Figures 7A–7C). Discussion
Similarly, AS#1 and AS#2 cells did not show increased
resistance against paclitaxel and TNF- compared with Various apoptotic stimuli, including X-ray irradiation,
Ca2 overload, and growth factor deprivation, initiallycontrol vec#1, vec#2, and vec#3 cells (Figure 7C). How-
ever, AS#1 and AS#2 cells were more resistant to etopo- activate individual stimulus-specific signaling path-
ways, which subsequently converge into a commonside than vec#1, vec#2, or vec#3 cells (Figure 7C). These
results indicated that histone H1.2 is specifically re- pathway at the mitochondria. As molecules that play
a role in transmitting DNA damage-induced apoptoticquired for apoptosis induced by etoposide and X-rays,
both of which cause DNA double-strand breaks. Since signals, a variety of proteins have been described in-
cluding Bax (Miyashita and Reed, 1995), PIGs (Polyakhistone H1.2 was involved in X-ray-/etoposide-induced
apoptosis, which is p53-dependent, and since release et al., 1997), Noxa (Oda et al., 2000a), Puma (Nakano
and Vousden, 2001), Perp (Attardi et al., 2000), nuclearof H1.2 is also dependent on p53, we examined the
involvement of histone H1.2 in p53-induced apoptosis. orphan receptor TR3 (Li et al., 2000), p53 (Marchenko
et al., 2000), and p53AIP (Oda et al., 2000b). AmongTransfection with p53 DNA induced apoptosis equally
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Figure 7. Requirement of Histone H1.2 for Apoptosis Induced by DNA Double-Strand Breaks, but Not Other Stimuli
(A) No effect of reduction of histone H1.2 on UV-induced cytochrome c release. The indicated MCF7 variants were exposed to UV (254 nm)
irradiation (100 J/m2) (UV) or were not treated (NT). After 24 hr, cytosolic fractions were collected and subjected to Western blot analysis for
detection of cytochrome c and GAPDH (as a loading control).
(B) No effect of reduction of histone H1.2 on UV-induced apoptosis. The indicated MCF7 variants were transiently transfected with caspase-3
cDNA, together with GFP DNA, for 48 hr. Then, the cells were exposed to UV irradiation (100 J/m2). After 24 hr, the cells were stained with
Hoechst 33342, and the nuclear morphology was observed under a fluorescence microscope.
(C) Effect of reduction of histone H1.2 on various forms of apoptosis. The indicated MCF7 variants were transiently transfected with caspase-3
cDNA, together with GFP DNA, for 24 hr. Then, the cells were incubated with TNF- (10 ng/ml) and cycloheximide (CHX) (1 g/ml), paclitaxel
(10 nM), UV (100 J/m2), etoposide (100 M), or X-ray irradiation (30 Gy) for 24 hr. Apoptosis was assessed as in (B). Data are expressed as
the mean  SD for three independent experiments.
(D) No effect of a decrease of histone H1.2 on p53-induced apoptosis. MCF7 vec#2 cells (open column) and AS#2 cells (solid column) were
transiently transfected with p53 cDNA (1 g) plus GFP DNA (0.2 g) for 24 hr. Then GFP-positive cells were detected by flow cytometry. Data
are expressed as the mean  SD for three independent experiments.
(E) No release of histone H1.2 after transfection with p53. MCF7 vec#2 cells were transiently transfected with p53 cDNA or vector (1 g) or
were subjected to X-ray irradiation (IR). At the indicated times, cytoplasmic fractions were collected and subjected to Western blot analysis
for detection of histone H1.
(F–H) Inhibition of etoposide-induced, but not staurosporine-induced, apoptosis by silencing of histone H1.2 with siRNA. HCT116 cells were
transfected with histone H1.2 siRNA (open circles), histone H1.3 siRNA (squares), or GFP siRNA (closed circles) as a control, as described in
Experimental Procedures. After 24 hr, a quarter of the cells were lysed, followed by Western blot analysis using anti-histone H1 antibody (F).
The remaining cells were treated with 100 M etoposide (G) or 1 M staurosporine (H). Cell death was assessed by the CTB assay at the
indicated times. Data are expressed as the mean  SD for four independent experiments.
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Figure 8. Inhibition of X-Ray- and Etoposide-Induced Apoptosis by Histone H1.2 Deficiency
(A) Genotypic analysis of histone H1.2-deficient mice. PCR of mouse tail DNA was performed. The two left lanes and two right lanes show
PCR-amplified DNA using primers for the wild-type and targeted alleles, respectively. Bands of 600 and 400 bp represent the wild-type and
targeted alleles, respectively. “M” indicates the DNA size marker (pSKMBKR2R/Dpn I).
(B–E) Inhibition of X-ray-induced and etoposide-induced thymocyte apoptosis by histone H1.2 deficiency. Thymocytes isolated from wild-
type mice (open symbols) and H1.2 knockout mice (closed symbols) were treated with 5 Gy (B) or the indicated doses of X-ray irradiation
(C), 10 M etoposide (D), or 0.5 M staurosporine (E). At the indicated times (B, D, and E), or at 24 hr (C), apoptosis was assessed by
annexin-V staining.
(F and G) Inhibition of X-ray-induced apoptosis in the small bowel by histone H1.2 deficiency. Wild-type mice (WT) and H1.2 knockout mice
(KO) were irradiated with X-rays (10 Gy). (F) After 48 hr, equivalent segments of the jejunum were excised and subjected to hematoxylin and
eosin (HE) and TUNEL staining. Specimens were observed under a light microscope (200). (G) Other equivalent segments (from adjacent to
the duodenum) were excised and homogenized. The homogenate was subjected to Western blot analysis with anti-lamin B1, anti-ICAD, anti-
active caspase-3, and anti-COX1 antibodies.
these proteins, Bax, Noxa, Puma, TR3, p53, and p53AIP ptotic signaling molecules (e.g., Noxa, Puma, Perp, and
p53AIP) have been identified on the basis of transcrip-have been implicated in direct signaling to the mitochon-
dria. Because DNA damage-induced apoptosis de- tional activation by p53. Some of these proteins indeed
play a role in DNA damage-induced apoptosis becausepends on the transcription factor p53 in many types of
cells, many candidates for DNA damage-induced apo- reduced expression of their genes results in only partial
Involvement of Histone H1.2 in Apoptosis
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resistance to DNA damage. Such findings suggest that machinery must be affected by X-ray-irradiation, al-
though the precise mechanisms involved are still tothese candidate proteins function cooperatively or that
a crucial signaling molecule is still undiscovered. In this be determined.
It was reported that a fraction of phosphorylated his-context, it is interesting to note that deficiency of p53
or both of its relatives, p63 and p73, results in complete tone H1 is found in the cytoplasm at M phase, whereas
the rest of phosphorylated H1 and all nonphosphory-resistance to doxorubicin-induced apoptosis and pre-
vents the expression of p53-activated genes such as lated H1 remain bound to chromatin (Bleher and Martin,
1999). This suggests that the amount of cytoplasmicbax and perp in MEFs, indicating that transcriptional
activation of these genes not only requires p53, but also phosphorylated H1 at M phase might not be sufficient
for damaging the mitochondria. Alternatively, phosphor-p63 or p73 (Flores et al., 2002). In p63- or p73-deficient
MEFs, apoptosis was slightly reduced, whereas tran- ylated H1.2 might not have cytochrome c-releasing ac-
tivity. In fact, we could only detect histone H1 in thescriptional activation of Bax, Noxa, and Perp was com-
parable to that in p63/p73 MEFs (Flores et al., 2002). cytoplasm of M phase cells at a much lower level than
that of X-ray-irradiated cells and also found that cyto-Furthermore, it has been reported that MEFs lacking
IRF-1 are resistant to DNA damage-induced apoptosis, solic histone H1 isolated from M phase cells shows a
significantly weaker cytochrome c-releasing activity (ourwhereas the target genes of p53, including bax and
noxa, are normally activated (Tanaka et al., 1996; Oda unpublished data).
As a candidate signaling molecule for X-ray-inducedet al., 2000a). These results suggest that the genes acti-
vated by p53 may not be sufficient to cause DNA dam- apoptosis, histone H1.2 shows some different proper-
ties from previously described molecules. First, most ofage-induced apoptosis in MEFs.
We adopted a biochemical approach to investigate the candidate X-ray-induced apoptotic signaling mole-
cules are only present at low levels in living cells andthe transmission of X-ray-induced apoptotic signals to
the mitochondria in thymocytes by searching for a mole- show transcriptional activation by X-ray irradiation,
whereas a change in the subcellular location of histonecule that appeared in the cytoplasm after irradiation and
that could induce cytochrome c release from isolated H1.2 is the crucial event. Second, many of the proposed
signaling molecules, such as Noxa or Puma (BH3-onlymitochondria. As a result, we identified histone H1.2,
which is a subtype of linker histone H1. We showed that members) and Bax (a multidomain member), belong to
the Bcl-2 family, whereas histone H1.2 possesses nei-histone H1.2 is not only involved in apoptosis induced
by X-rays, but also in apoptosis induced by etoposide ther a BH3 domain nor any other significant homology
with Bcl-2. Since multidomain proapoptotic members(an inhibitor of topoisomerase II); both of these stimuli
cause DNA damage that primarily involves double- of the Bcl-2 family like Bax and Bak act as a gateway
for a variety of apoptotic signals (Lindsten et al., 2000,strand breaks. In contrast, H1.2 was not related to other
forms of apoptosis induced by TNF-/cycloheximide, Wei et al., 2001), including X-ray-induced DNA damage,
Noxa, Puma, and Bax probably induce mitochondrialstaurosporine, and paclitaxel. It was particularly inter-
esting that histone H1.2 did not play an important role in membrane permeabilization through interaction with
Bcl-2 family members. How, then, does H1.2 induceapoptosis induced by UV irradiation, which also causes
DNA damage that primarily involves base modifications. cytochrome c release? Histone H1.2 did not show any
direct interaction with Bcl-2 family members (our unpub-UV irradiation might also activate pathways other than
the DNA damage-related pathway to induce apoptosis lished data). Several molecules other than Bcl-2 family
members, such as TR3 (Li et al., 2000), p53AIP1 (Oda(Rosette and Karin, 1996). It should be noted that DNA
double-strand breaks, but probably not UV damage, et al., 2000b), and PKC (Majumder et al., 2000), have
been shown to directly signal the mitochondria by a still-trigger a megabase range of chromatin remodeling (Ro-
gakou et al., 1999), which leads to release of a significant unknown mechanism. Although it has not been deter-
mined how histone H1.2 induces cytochrome c release,amount of H1 from the chromatin. Thus, histone H1.2
seems to be specifically involved in apoptosis induced we showed that histone H1.2-induced cytochrome c
release was dependent on multidomain proapoptoticby DNA double-strand breaks.
After X-ray irradiation, histone H1.2 accumulated in Bcl-2 family members and that histone H1.2 caused
activation of Bak, as assessed using an anti-Bak anti-the cytoplasm in a p53-dependent manner. Using lepto-
mycin B (an inhibitor of nuclear export) and by microin- body specific for activated Bak and a protein crosslinker
to detect oligomerization. Since one of the BH3-onlyjecting Cy3-labeled histone H1 into cells, we showed
that cytoplasmic accumulation of histone H1.2 after proteins, tBid, has been shown to have the lipid-transfer
activity (Esposti et al., 2001) and the ability to disruptX-ray irradiation was mainly mediated by its release from
the nucleus. The form of histone H1.2 released from the lipid membranes (Epand et al., 2002) and since mito-
chondrial damage has been shown to activate Bax (Ya-nucleus during X-ray-induced apoptosis seemed to be
chemically identical to the nuclear form of this histone. maguchi and Wang, 2002), histone H1.2 might affect
lipid membranes and indirectly activate multidomainSince H1.2 is normally bound to chromatin in the nucleus
(Vignali and Workman, 1998), DNA double-strand breaks proapoptotic Bcl-2 family members, leading to permea-
bilization of the outer mitochondrial membrane. Approx-or the subsequent p53-dependent repair process may
cause its release into the nucleoplasm and subsequently imately 30% of histone H1.2 is composed of cationic
amino acid residues, many of which are located in theinto the cytoplasm. The amount of histone H1.2 released
from the chromatin might be used for monitoring the -helix (Pepe et al., 1990; Vila et al., 2000). Some of these
-helical regions might function like natural antibioticextent of DNA damage. The X-ray irradiation-dependent
release of nuclear histone H1 and its accumulation in peptides, such as KLAKLAKKLAKLAK, which forms an
-helix with cationic residues on one side, thereby inter-the cytoplasm suggest that the nuclear import/export
Cell
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For the detection of extranuclear histone H1, thymocytes, E1A/acting with anionic phospholipids to disrupt negatively
Ras-transformed MEFs, and MCF7 cells were suspended in thecharged membranes, leading to apoptosis (Ellerby et
hypotonic buffer (100 mM Na2-Hepes [pH 9.4], 1.5 mM MgCl2, 10al., 1999). Further studies are necessary to identify the
mM KCl, and 0.5 mM 2-mercaptoethanol) for 10 min. Cells were
domain of histone H1.2 that is essential for its cyto- lysed with 0.2% NP-40 for 3 s with vortexing and centrifuged at
chrome c-releasing activity. 7500  g for 10 min. The supernatant (which contained cytosol and
organelles, but not nuclei) was subjected to Western blot analysis.Humans and mice have eight histone H1 genes.
In some experiments, cells were lysed by RIPA buffer (50 mM Tris-Among them, all of the somatic H1s (H1.1–H1.5) are
HCl [pH 8.0], 20 mM EDTA, 1% SDS, and 100 mM NaCl).ubiquitously expressed in all body tissues throughout
development (Franke et al., 1998). Histone H1.2 has a
Purification of Histone H1.2 As a Cytochrome c-Releasinghigh metabolic stability (Franke et al., 1998). As shown
Factor and Total Histone H1
here, although all histone H1s are similar to each other, All purification steps were carried out at 4	C. The cytosolic fraction
only histone H1.2 has the strong ability to induce mito- of the thymus was collected from X-ray irradiated rats, as described
chondrial membrane permeabilization. The major differ- above and then was applied to a Poros HQ column (4.6  100 mm;
Applied Biosystems) equilibrated with buffer A (20 mM potassium-ence between histone H1.2 and other H1s is found at
Hepes [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 1 mM Na2-EDTA, andthe C-terminal region, since the KXXKP sequence exists
1 mM DTT). The column was washed with three column volumes ofin all H1s except for H1.2. This sequence might negate
buffer A and was eluted with 65 ml of a linear NaCl gradient (0–0.75
the proapoptotic activity of histone H1s other than H1.2. M). Two fractions (A, 0.25 M; B, 0.45 M) were found to show cyto-
In conclusion, we showed that during DNA double- chrome c-releasing activity. Fraction B (9 ml) was concentrated with
strand break-induced apoptosis, the linker histone H1.2 a Microcon centrifugal filter (MWCO 5 kDa; Millipore), loaded onto
a Superdex-200 HR column (10/30; Pharmacia) (24 ml) equilibratedis released from the nucleus into the cytoplasm where
with buffer A containing 0.1 M NaCl, and sieved with the same buffer.it triggers permeabilization of the outer mitochondrial
The active fraction (1.5 ml) obtained from the gel filtration columnmembrane. We propose that histone H1.2 probably co-
was loaded onto a Mini S PC 3.2/3 column (0.24 ml) equilibrated
operates with various proapoptotic proteins, including with buffer A containing 0.1 M NaCl, washed with buffer A containing
some targets of p53. 0.25 M NaCl and eluted with 3.4 ml of a linear NaCl gradient (0.25–1
M). Fractions (100 l) were collected and assayed for cytochrome
c-releasing activity.Experimental Procedures
We also used a Poros HS column (4.6  100 mm; Applied Biosys-
tems) equilibrated with buffer A after the Poros HQ column insteadInformation on reagents, amino acid sequencing, production of re-
combinant proteins, HPLC/MS, and microinjection can be found of the Superdex 200 and Mini S columns. Elution was carried out
using 15 ml of a linear NaCl gradient (0–1 M).online in the Supplemental Experimental Procedures section.
To purify mouse H1, nuclei were isolated from the thymi of healthy
mice, and histone H1 was partially purified by the acid extractionMeasurement of Mitochondrial Biochemical Parameters
method using 0.2 M sulfuric acid as described elsewhere (KratzmeierLivers harvested from male Donryu rats were homogenized with a
et al., 1999). Then the extract was dialyzed against distilled waterglass-Teflon Potter homogenizer. Mitochondria were isolated in 0.3
and was loaded onto a Poros HQ column followed by a Mini SM mannitol, 10 mM potassium-Hepes (pH 7.4), 0.2 mM EDTA, and
column, as described above.0.1% fatty acid-free BSA, as described previously (Shimizu et al.,
1998). The mitochondria were washed twice and resuspended in
the same medium without EDTA (MT-1medium). Mitochondria were Assay of Bak Activation
HeLa cells were permeabilized for 3 min at 25	C with 30 g/mlalso prepared from the livers of Bak knockout mice and their nor-
mal littermates. digitonin in isotonic buffer, and then incubated with the indicated
proteins for 10 min at 25	C. Subsequently, the cells were fixed withIsolated mitochondria (1 mg/ml protein) were incubated with the
indicated proteins at 25	C in MT-1 medium plus 100 M potassium paraformaldehyde and stained with an anti-active Bak antibody (On-
cogene, Ab-1).phosphate (pH 7.4) and 4.2 mM succinate (MT-2 medium), after
which  and cytochrome c release were measured.  was as- For detection of Bak oligomers, isolated mitochondria were incu-
bated for 30 min with 10 mM BMH (an uncleavable protein cross-sessed by measuring the -dependent uptake of rhodamine 123
using a spectrophotometer (Hitachi F-4500), as described elsewhere linker). Then the mitochondria were centrifuged at 15,000  g for 3
min, dissolved in 2 sample buffer (0.2 M Tris-Cl [pH 6.8], 10% SDS-(Shimizu et al., 1998). For detection of cytochrome c release after
a 30 min incubation, mitochondria (100 g protein) were centrifuged PAGE, 25% 2-mercaptoethanol, 25% glycerol, and 0.01% BPB) with
1 mM DTT, and boiled for 5 min to inactivate BMH. Oligomerized Bakat 12,000  g for 5 min, and aliquots of the supernatants were
subjected to Western blot analysis using an anti-cytochrome c an- was detected by Western blot analysis using an anti-Bak antibody.
tibody.
Cell Lines
MEFs, MCF7 cells, and HCT116 cells, which all possess a functionalPreparation of the Cytosolic Fraction and Total Cell Lysate
Male Donryu rats or p53-deficient mice and their normal littermates p53 gene, were cultured at 37	C in DMEM containing 10% fetal
bovine serum under an atmosphere of 10% CO2. HeLa cells werewere exposed to X-ray irradiation (20 Gy at a rate of 1.76 Gy/min;
Radioflex 350, RIGAKU). The thymus was then excised from each maintained at 37	C in RPMI containing 10% fetal bovine serum under
10% CO2. MEFs were transfected with E1A and ras, as describedanimal and homogenized in 5 volumes of isotonic buffer (20 mM
potassium-Hepes [pH 7.4], 10 mM KCl, 1.5 mM MgCl2, 250 mM previously (Lowe et al., 1993b), in order to sensitize the cells to
X-ray-induced apoptosis. Briefly, a retroviral PLPC vector carryingsucrose, 1 mM Na2-EDTA, 1 mM DTT, and 0.1 M PMSF) by 15
strokes of a glass-Teflon Potter homogenizer. The homogenate was adenovirus 5 E1A and the puromycin-resistance gene or ras and
the hygromycin phosphotransferase gene was used to transfectcentrifuged at 100,000  g for 1 hr, and the supernatant was col-
lected as the cytosolic fraction. Control cytosol was also obtained cells via the packaging cell line 2. MEFs were first transfected with
E1A, and stable transfectants were selected by incubation with 2from healthy animals in the same way.
For the detection of released cytochrome c, the cytosolic fraction g/ml puromycin. Next, E1A-transformed MEFs were transfected
with ras, and stable transfectants were selected by incubation withwas collected from MEFs and MCF7 cells after incubation with 0.3
mg/ml digitonin for 5 min at 37	C in isotonic buffer. The cells were 200 g/ml hygromycin.
To reduce the expression of histone H1.2, MCF7 cells were trans-centrifuged at 12,000  g for 5 min, and the supernatants (which
mainly contained the cytosol but not the organelles) were subjected fected with the pUC-CAGGS expression vector bearing human his-
tone H1.2 cDNA with the reverse orientation.to Western blot analysis.
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siRNA Received: March 10, 2003
Revised: August 13, 2003All the siRNAs were produced by Dharmacon Research. The se-
quences used were as follows (numbers in parentheses indicate Accepted: August 27, 2003
Published: September 18, 2003nucleotide positions within the respective open reading frame): hu-
man histone H1.2-siRNA, 5
-AAGAGCGUAGCGGAGUUUCUC-3

(155–175); human histone H1.3-siRNA, 5
-AAGAAGGCAGGCGCAA References
CUGCU-3
 (73–93); and GFP-siRNA, 5
-GGCUACGUCCAGGAGCG
CACC-3
 (274-294). Cells (1  106) were transfected three times on Adams, J.M., and Cory, S. (1998). The Bcl-2 protein family: arbiters
alternate days with 10 g of siRNA using lipofectamine 2000. of cell survival. Science 281, 1322–1326.
Albig, W., and Doenecke, D. (1997). The human histone gene cluster
Immunostaining of Endogenous Histone H1 and at the D6S105 locus. Hum. Genet. 101, 284–294.
Cytochrome c
Antonsson, B., Montessuit, S., Lauper, S., Eskes, R., and Martinou,MEFs were washed with PBS and fixed in 4% formaldehyde on ice
J.C. (2000). Bax oligomerization is required for channel-forming ac-for 10 min. After washing three times, cells were permeabilized with
tivity in liposomes and to trigger cytochrome c release from mito-0.1% Triton X-100 in PBS at room temperature for 15 min and were
chondria. Biochem. J. 345, 271–278.incubated with 2% fetal bovine serum for 30 min. Then anti-histone
Antonsson, B., Montessuit, S., Sanchez, B., and Martinou, J.C.H1 mAb (20g/ml) was added with 3% milk for 1 hr at room tempera-
(2001). Bax is present as a high molecular weight oligomer/complexture. After washing another three times, the cells were incubated
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